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II. TECHNICAL DISCUSSION 

A. THE THERMAL DISSOCIATOR 

One of the important problems in the field of experimental atomic physics 

is the production of sufficiently intense beams of atoms or  molecules when these 

a re  highly reactive or  unstable, as  are atomic hydrogen and free radicals. The 

use of electric discharges, such as in the Wood's discharge tube, has long been 

a favorite method, in particular when species with high excitation energies are  

required. More recently, with the availability of high-power radio frequency and 
microwave sources, discharges using r. f. excitation gained wide application. 1 

The generation of the desired species in the electromagnetically -excited source is 

strongly dependent on the discharge conditions (power, frequency, gas pressure) 

and on surface effects on the discharge tube (recombination, quenching). 

The hydrogen maser, as an atomic beam device, requires a source of atomic 

hydrogen which can deliver, after state selection in a magnet, 10l2 to 1013 hydrogen 

atoms/sec. into the storage bulb in the maser cavity. In a practical laboratory instru- 

ment where operating time between maintenance periods is in part limited by pump 

capacity, it is desirable to obtain this working flux in the most efficient manner 

with respect to the total gas flux out of the source. For this purpose, sources a re  

equipped with multi-tube collimators to furnish a highly directional flow from the 

source. (The collimator also allows the proper source pressure to be maintained 

for the currently-used r. f. discharge dissociator. ) Proper design of the state- 
selecting magnet is important to maximize flux into the bulb, and the results of 

calculations to this end are  presented in Section 11-B. 

The current r. f. discharge source has another characteristic which has 

given some difficulty in field applications. If a maser appears to require more 

atomic flux to oscillate properly, a s  in the case of a lower-than-usual cavity Q, 

a natural method is to increase hydrogen flow to the source and thus to raise the 

source discharge pressure. This has not infrequently resulted in the source 

developing a discharge condition known as "the whites, '' where the usual deep violet- 

red color of the discharge, characteristic of the Balmer ser ies  of atomic hydrogen, is  

- 2 -  
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I .  INTRODUCTION 

The intent of the work done under this contract was  to conduct a 
study involving both a scientific and an engineering approach to the improve- 

ment of the hydrogen maser for ease of operation and maintenance and for  

field use. Two particular technical areas  were  singled out as important. 

These were the atomic hydrogen dissociator and the tuning procedure 

required to put the maser into useful operating condition. 

Work in these areas w a s  begun in  separate projects and in the 

course of studies related to these projects it became apparent that other 
problems of a more fundamental nature needed to be solved. These included 

magnet design and atomic trajectories in the state selecting system and 

also the design of the interaction region where the hydrogen atoms release 

their energy to the microwave field. Careful work in these areas had 

been somewhat neglected in earlier efforts to design and build the labora- 

tory version of the hydrogen maser.  From a general point of view as well 

3 s  the more particular point of view included in the scope of this contract, 
these s tudies  will aid considerably in the design of shorter,  lighter, more 

efficient and more stable time and frequency standards for ground and 
space vehicle use. 

- 1 -  
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raplaced by a whitish-blue color, and in which little or  no atomic hydrogen 

is produced. 

time (often days) to disappear. During this time, the maser does not operate, as 
hydrogen atom production in the white discharge is inadequate to maintain oscillation 

at all. Spectroscopic investigation of the light emitted by a source during the case 

of the whites shows the whitish color is due to the many-lined band spectra of 

molecular hydrogen. Details of this will  be presented elsewhere, but the indication 

is that there is a change in the surface condition of the borosilicate glass walls 

of the sc;urce discharge tube under the higher pressure discharge, which leads to 

much more rapid recombination of atomic hydrogen into molecular hydrogen. This 
surface change is not easily reversed in a reliable manner. 

This pathological condition is not easy to cure and takes a considerable 

The r. f .  discharge source requires lOto 20 watts of r. f. power at 200 MHz. 

If the maser  is to be operated in the vicinity of highly sensitive communication 
equipment, extremely careful radiation shielding to prevent r. f. leakage is required. 

The efficiency of the r.f. discharge source even in the absence of the path- 

ological "whites" is highly dependent on the discharge condition, r. f. power, 

pressure, e tc  . While the literature indicates efficiencies as high as 904i! dissociation, 

a more reasonable figure based on observations made in our laboratory is lower by 

as much as a factor of 5. In tuning the maser cavities, either manually or automat- 
ically (see Section 11-C), the line Qis varied by changing the H flux into the bulb. * 
If one attempts to do this by changing the source pressure, atomic hydrogen flux 
changes, but in a way which is not strictly proportional to pressure. In an automatic 

tuning system where the proper feedback gain is determined by this change in 

hydrogen flux, if the source 's  efficiency varies at a given pressure because of, say, 

surface effects, the tuning correction increments will  be non-optimal. 

The preceding considerations suggested that an alternate approach to the 

production of atomic hydrogen for use in the maser,which would bypass the above- 

mentioned difficulties, could result in increased maser reliability and performance. 

Molecular hydrogen is dissociated into atomic hydrogen at elevated temperatures. 

The temperatures required are still far below those which would produce ionization, 
however. 

pressure and temperature. 

The degree of dissociation is determined only by the hydrogen 

Thus, in a thermal dissociation atomic hydrogen source, 

- 3 -  



the efficiency is known, as long as conditions of thermodynamic equilibrium pre- 

vail. The equilibrium constant for the dissociation is determined by the difference 

in free energy between the molecule and atom and may be obtained from standard 

thermodynamic tables? Curves of dissociation efficiencies as a function of pressure 

and temperature are shown in Fig. A-1. Typically, a source at 2400'K and H, 

pressure of 20 microns is 90% efficient. 

If a very large hydrogen atom flux is desired, the source pressure may be 

raised considerably, as long as the oven temperature is also raised to maintain 
dissociation efficiency. 
pressure of tungsten, which determines oven lifetime. 

a thermal dissociator is that the atoms emerge with the velocity characteristic of 
the oven temperature. Consequently, a longer state-selector magnet is required 

and the collection efficiency is reduced because of the smaller solid angle factor. 

The practical limitation to this process is the vapor 

The major disadvantage of 

Thermal dissociation sources for atomic hydrogen have been made for 

atomic beam experiments previously; perhaps the best known use was  in the classic 
experiments of W. Lamb and  collaborator^.^ These were characterized by sizeable 

power consumption, water cooling and short lifetime. Both resistive heating and 

electron-bombardment heating have been used. 

in the literature used resistive heating? 
with a thermal dissociation source, a resistance-heated, water-cooled tungsten foil 

source was constructed. Many of the desirable features of a practical maser source 

were deliberately not included in this f irst  test model. This is shown in Figure A-2. 

The most recently reported source 
To test the feasibility of maser  operation 

It consists of a 1/8" diameter tube of six turns of 1 mil tungsten foil gripped 

on the ends with molybdenum holders. The ends of the tubing are  forced outward by 

threaded conical molybdenum inserts. The end supports a re  cooled by conduction to 
copper blocks, which a re  water-cooled through ceramic-metal seals. Heating is 

accomplished by passing heavy alternating current through the tubing by means of 

the end supports. Hydrogen atoms emerge in a Lambert-law angular distribution 
through a simple hole in the middle of the tungsten foil tube. Because most of the 

atoms so emerging are at angles such as not to pass through the focussing magnet 
and into the maser storage bulb, differential pumping and separate beam collimation 
were used to decrease the load on the maser  VacIon@ pumps. The region is thus 

@ Registered, Varian Associates. 
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surrounded by a stainless steel capping tube which acts as a heat shield, pumping 

enclosure and collimator (shown in place in Fig, A-3). Hydrogen is introduced 

through a heated palladium leak and stainless steel tube into one end mount. 

The device was placed in a hydrogen maser equipped with two focussing 

magnets in series to compensate for the higher velocity of the atoms emerging 

from the thermal source. The differential pumping enclosure was separately 

evacuated by a Welch 1397 mechanical pump. This experimental arrangement is 

shown in Fig. A-4. After alignment, the tungsten foil tube was heated by passing 

60 cycle a. c. current through it while its temperature was monitored by means of 

an optical pyrometer. A t  a current of 150 amperes, the temperature of the center 

portion of the tube reached 2400'C. A t  this temperature, a large percentage of the 

hydrogen molecules are dissociated into atoms, and maser oscillation was achieved. 

The temperature of the source was lowered to determine the oscillation threshold. 
With proper adjustment of hydrogen flow conditions, oscillation could be maintained 

at a temperature of 20OO0C. An intermediate temperature of 2400'K was determined 

to be most satisfactory from the point of view of lifetime and hydrogen flow rate. 
The time required to turn up the source from room temperature was only three 
seconds, and the level of maser oscillation was  easily varied by changing the source 

temperature. The maser was then permitted to oscillate for approximately 12 hours 

to determine if any deterioration would appear in the source. None was detected, 

and examination indicated that the source could probably have continued to function 
for a very long time. 

Although the above described source was  satisfactory as a laboratory ex- 

periment, it possesses four major disadvantages: 

1) High power consumption -- 250 watts at 2400'K; 
2) Necessity for water cooling -- hence thermal inefficiency; 

3) Need for an auxiliary mechanical pump; 
4) High hydrogen consumption. 

A t  the elevated temperatures required for dissociation, the major source of 

heat loss is through radiation. A t  2500'K, the power radiated by 1 cm. 2 , emissivity 

= 1, is over 200 watts. It is hence advantageous in minimizing power consumption 
to have as small an area of the oven heated as possible. Heat loss by conduction 

to the supports must also be severely limited. The emergent atomic beam should be 

- 5 -  
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highly directional to minimize vacuum pump load. Radiation loss should be con- 

tained and, if possible, reflected back through the use of radiation shields. 

These considerations led after further experimentation to the design in- 

* dicated schematically in Fig. A-5. It consists of a .040 O.D., .020" I.D. tungsten 

tube made by vapor deposition. The end of the tube from which the atoms emerge is 

heated by electron bombardment from a surrounding spiral  wire dispenser cathode 

(experimental type, Varian). The surrounding electron beam assembly acts like a 
heat shield reducing radiation loss. The heated area of the tube is only about 1 cm. 

long, or about 20 inside diameters. The theoretical power lost by radiation for such 
a tube i s  20 wa t t s  at 2500'K (total spectral emissivity of W = .303 at 2500%). The 

conduction loss is minimized by using a long W tube, subject to the limitations of 

mechanical and vibration strength and supported on only one end. The long, thin 
tube produces an atomic beam whose angular distribution is highly peaked in the 

forward direction. The boron nitride block containing the electron gun assembly 
conductsheat easily down the support rods to the mounting flange. A f t e r  proper 

activation of the cathode, electron emission may be maintained with less than 10 watts 

input. 
voltage) is shown in Fig. A-6. This curve is fitted by the equation 

The temperature versus power input (electron beam current x accelerating 

P (watts) = .552 t .625 I T  - .5)  where T is in OK. 

A t  2500°K, this shows that approximately 21 watts a r e  radiated and 2 watts a re  lost 

by conduction down the tube, in excellent agreement with theoretical estimates. 

Under normal operating conditions in a maser,  the total power input requirement is 

less than 30 watts and hence less than for the r.f. discharge source currently used 

in the Varian H- 10 hydrogen maser. Dispenser cathodes may be reactivated after 

exposure to air several times and hence need not be replaced if vacuum is broken. 
The use of pure W for the oven material allows much higher temperature operation 

than the source described in reference 5, and our total source efficiency is three 

times higher (30 watts versus 90 watts at 2400'K). 

Tests for ruggedness, reliability, lifetime and characteristics under a 
variety of operating conditions a re  continuing. 
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B. ATOMIC TRAJECTORIES 

Hydrogen maser oscillation level is determined by the flux of hydrogen 

atoms in the F = 1, mF = 0 state into the storage bulb. This state selection 

is accomplished by inhomogeneous magnetic fields which focus the desired 

hyperfine state into the bulb and defocus the undesired states. The flux 
depends on source pressure and temperature, magnet aperture and field 
strength, the source-bulb distance, and bulb aperture. In practice, the 

magnet field strength and aperture are limited by the materials from which 

it is constructed (saturation of pole-tips, energy density of Alnico). The 
temperature of the source affects the velocity distribution in the beam, with 

higher temperatures resulting in faster atoms which are more difficult to 

bend. This must be compensated for by using longer selection magnets. 

Calculations have been carried out, using both machine and hand 

methods, of the trajectories of hydrogen atoms through magnetic fields of 

a hexapolar symmetry. Results have been obtained for the optimum length 
of focussing magnet, at the maximum practical field strength at the pole tips 

of about 10 kilogauss. A perfect hexapolar field has an intensity which varies 

as Kr', where r is the radial distance from the axis of the magnet. All the 

calculations to be described assume this field distribution. 

The magnetic moment of the hydrogen atom in a particular magnetic sub- 

state m is described by the Breit-Rabi formula 

w = - -  t W  - 2 4  H o m  & - O W  q-'< 1 t 2 m x  t x 2  
4 2 

where 

W is the energy of the hydrogen atom 
A W  is the hyperfine separation, 1420.405 MHz 

is the proton magnetic moment 
is the external magnetic field 

HI 
HO 

and 

where x is  1 for H about 500 gauss. 
0 
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on the hydrogen 

the effective magnetic moment of the atom,and the force exerted 

atom i s  Cleff - dH d r  The paths followed by the atoms can be 

obtained by stepwise numerical integration, and the total expected intensity at 
the entrance hole of the maser bulb obtained, relative to the source intensity. 

The two focussed states of hydrogen are  F = 1, m = 1 and F = 1, m = 0. 

For m = 0, the effective magnetic moment is a function of H,, but approaches an 
asymptotic value for x > > 1. The effective moment for m = 1 is a constant even 

in zero field, and has the same value as the limiting value for the m = 0 state. 
Thus, if the trajectories of the atoms pass mostly through regions where x > > 1, 

such as off the hexapole axis, there is  negligible difference between the trajectories 
for m = 0 and m = 1 states. We will consequently present a first trajectory cal- 

culation, assuming a constant magnetic moment ( m  = l case) and which can be 

solved analytic ally. 

2 
for a hexapole magnet where ro is the r 

radius of the bore of the magnet. 
= u o  Ho (7) 

where px - 1 
m r or w = 

&J2 = 2cc, Ho 
mr  

0 0 

.. 0 
Y t w 2 r  = o 
r = C cos at t C sin ut. 

1 2 

Placing the source at  the entrance to the hexapole magnet on the central axis 

a r = 0 a t t = O - C  = O  
1 

4’. ;. = c 0 cos t 
2 

= v sin B at t = 0 where 8 is the angle the atom makes initially 

with the axis, v is its velocity. 

- 8 -  



- v sin B :. c - 
2 Ld 

so that in the magnd 

Now, the distance x along the axis that the atom has travelled is given by 
A 

v cos @ 
x = vt cos 6 or t = - 

sin Ldx 
w v cos B :. = 

U X  r = v sin @ cos v cos B 

A t  the end of the magnet, x = a z ,  the radial velocity v is given by 
r 

oa 
v r = v sin gcos (v DniB) 

The atom now travels in a straight line making an angle with the axis 

after leaving the magnet until it reaches the entrance to the bulb, the drift distance 

being denoted by 4 . With - = tan @ , one obtains the final value of the radius 

at which the atom arrives at t hz  end of the d r i f t  region, 

V r 
3 V 

For small angles, $< 

rq = L-B- sin 
LL' 1 

The condition 
occurs for a velocity 

- tan 

w R  
Equation ( 1 )  

3 v cos $ 

< 1 ,  this expression becomes 

CL' R 
Equation ( 2 )  

for an atom to be refocussed onto the axis is rf = 0, which 
such that: 

vO 

w a (-?I = vg 
An important fact to note is that 

rf 
B =  

Condition 1 

Equation ( 3 )  

R 2  sin t ,e cos - V - 
w V 3 V 

- 9 -  



For atoms which just graze the magnet, either within the magnet or at its 

cnd, thc maximum allowable angle is  

- rO - -  
@ max V 

Equation (4) 

To illustrate the use of these results let us  consider the case of focussing 

into an aperture whose radius is equal to the magnet bore. 
The velocity of the atoms focussed on the center of the aperture is given by v . 
trajectory followed by an atom with a velocity higher than vo (which is given by 
Condition 1) follows path 2, which in this limiting case grazes the end of the magnet 

and moves parallel to the axis on emerging. 

This is shown in Fig. ~ - 1 .  

The 
0 

This velocity, which we denote by 

is vmax' given by 

% - n - - -  
V 2 max 

Condition 2 

On the other hand, a slower atom, indicated by path 1 can make a larger 

initial angle with the axis, is bent over, and manages still to enter the aperture 

is given by the condition min' at r = -r . Its velocity, v f 0 

or  
Condition 3 

It may readily be determined that vo as given by 
and v values of vmax 

Condition 1 always lies between the 

as given by Conditions 2 and 3 .  min 

I t  is also possible for a faster moving atom to get to the aperture through the 

magnet without grazing the pole-pieces. Such a possible path is shown by path 3 in 

Fig. E3-1. The maximum initial angle p which such atoms cm make with the axis 

is determined by Equation 3 .  

The intensity distribution of atoms as a function of velocity for an atomic 

beam source is given by 

- 10 - 



2 1  

a 4  
- V”a2  dv I (v )  dv = -2- v3e 

. In such a beam source, the most probable velocity equals where u=dy 2k T 

[For atomic hydrogen at about iO°C, = 2 . 5  x lo5 cm/sec and 1.22 cI = 3.05 x lo5  cm/sec. 3 
The included solid angle intensity factor is given by Pzmax. This can 

easily be seen as follows: 

The solid angle differential is dP = sin 8 dB drp. Normalized to a 

hemisphere 

dh2 sin 0 de  dcn - =  
0 tot 2n 

For a beam source following the Lambert law, 

dR dI = 21, COS e - R tot 

1 
I’d1 = Io J 1’ 2 cos 6 sin e de dtp - 2 7  

2 7  7?/2 

0 0  

I’d1 for e = 0 to R,, 

7 0  
I = J’dI = Io cos26 

Pmax 

or - I -  - 1 - c o s  2 Pmax = p2 for small Pmax max I O  

Hence, the expected intensity for a given velocity relative to the total 

source flux is 

where Pmax is itself a function of velocity. 
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In the case where the maser bulb aperture is larger than the magnet gap, 

the values of v as given by Conditions 1, 2, and 3 still hold, but a further type of 

trajectory becomes possible. 

the atom just grazes the end of the magnet, continues in an upward direction, and 

enters the aperture. In this case, denoting the maximum allowed velocity by v12Lax , 

This is shown as path 1 in Fig. 13-2. This is where 

o r  

W R  w a  
r V 
0 max 

Condition 4 

This reduces to Condition 2 if r = r . Denoting the different regimes of velocities 

as v (Condition 1); v(') 

and using the relevant expressions for the total integrated intensity into the aperture: 

f o  
(Condition 2); v ( Condition 3 )  and d2&, (Condition 4) 0 rnax min 

w 4'2 -v2//a dv 
V(1) 

sin2w V L  
0 dv + -v2/a2 v3e v3e 

rnax 

V 

I 
I a 0 

rnax m in 

w 2  
dv V3e -V2//a2 r2f vL 

Ll' a U Q  

V V rnax 
2 

- v2/a2 r2f ,* dv 

oR24 +- OR3 Equation ( 5) 

Jvmin v3e 

V I  v 

+7 a 
cvt -off 
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where the low-velocity cut-off is  introduced to exclude multiple -bend trajectories in 

the magnet which make negligible contribution to the total intensity. 

The first integrand reduces to the simple functional form 

which is the product of a constant solid angle factor and a normalized modified maxwellian 

distribution. 

These results may be applied to the design and performance prediction of a 
practical selector magnet for a hydrogen maser .  We choose the following design 

parameters. We have a hexapole magnet whose bore diameter is  . 125”, maximum 

field at pole tips 9. 5 K gauss, a distance 1 between magnet and bulb of l o v 1 ,  and 

a bulb aperture diameter of . 2 ”  ( r  = 1 .6  r ). W e  determine what length magnet f 0 
to use, what the intensity into the bulb is  as a function of velocity, and the total 

expected flux. 

3 

Source temperature is ‘iO°C. ( R  F. discharge atomic hydrogen source). 

a =  2 .5  x io5 cm/sec 

Setting vo = 1.22 (focussed velocity = most probable beam velocity), and using 

Condition 1, we obtain 

or  

3 . 3 7  x x 160 = - t an  ( 3 . 3 i  x ~ o - ~ L  ) 
2 

L, = 52.05 
R z  = 3.25inches. 

R 3  Here, L and L are - *‘ and - . r r 
0 0 2 3 

Condition 3 gives 

a z  W &  
cos - w a 2  + 3 - 1 . 6  = sin - 

V V V m in min m in 

An iterative solution of this transcendental equation gives: 

V = 2.6856 y lo5 cm/sec = 1.0742 u. m in 

- 13 - 



Condition 2 gives v(l) = 1.3633 a max 

Condition 4 gives v('La = 1.4918 a = 3.7295 Y lo5 cm/sec. 

One may plot the results using Equation 5 to obtain the curve shown in 
-V2/a2  

Figure B-3. The central portion of the curve in Fig. €3-3 

distribution. The curve may be integrated in part analytically (between vmin and 

V"ma 
beam I/Io =- '* 76 x . The relative contributions of the different parts of the 

velocity distribution are 

follows the ve 

) and in part  numerically to obtain the ratio of beam into the bulb to total 

In 

- 19.2% 

Vmin<V < v  ( 3 max - 62.67% 
Vmin 

and 
< V  - 18. 13% max 

Computer-integrated trajectories were obtained for several magnet 
lengths and for source temperatures of 370'K and 2800'K (r. f. and thermal 
dissociators). 

net, using the exact Breit-Rabi formula to determine the force on the atom 
along the path, for a particular velocity, and with the source located at the 
entrance of the magnet on axis. By stepping up the angle and integrating a new 
trajectory, the program determines the maximum allowable angle Pmax for  
an atom to pass through the focussing magnet and to enter the bulb aperture, 

whose diameter equals the magnet aperture and is located at a given distance 

from the end of the magnet. The size of a beam stop located at the end of the 
focussing magnet is adjusted to prevent undeflected particles from the source 
(such as hydrogen molecules) from entering the bulb. 
the minimum allowable angle Pmin for a rfgoodrf trajectory. 

factor as derived above is here given by ( p2,= - f?2min). In practice, the 

P2min term is negligible. This calculation was repeated for a number of dif- 

ferent velocities. The intensity as determined by the velocity distribution and 

solid angle was computed. The total intensity was then determined by evaluating 
the sum: 

The computer integrated the atom trajectory through the mag- 

This stop determines 
The solid angle 
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. 

T = 370°K, magnet length = 4" (Fig. B-6) 
T = 2800°K, magnet length = 6.25" (Fig. B.7 ) 

T = 2800°K, magnet length = 9.375' '  (Fig. 13-8 ) 

The computer output data which is graphically shown in Figures ~ - 4  

through -8 is reproduced in Figs. €3-9 through -13 in sequence. 

W e  have thus determined the total relative bulb flux as a function of 

magnet length. The values of 3 inches and 8 inches for the r.f. discharge and 

thermal dissociator sources respectively are close to the optimal values for a 
9. 5 K gauss field at the pole tip. A change in magnet length from 3 inches to 

4 inches for the r.f. discharge source decreases the flux at the bulb aperture 

by as much as 50$, so that these calculations have yielded important design 

information for the state selector. The excellent agreement between the exact 
computer calculation and hand calculations in the constant magnetic moment 
approximation gives us confidence in applying these methods to other experi- 
mental configurations. 

For  the beam source following Lambert's law as above, the intensity in 

the forward direction ( 8 = 0 )  is 21,. If a multitube collimator of the same 

exit a rea  is used, the beam intensity in the forward direction is unaffected, 
while the intensity at larger angles is reduced. The reduction factor for the 

total flux is commonly denoted by K (the kappa factor). Thus, the ratio - 
which is calculated may be easily modified to give the ratio of bulb flux 

to total source flux when a collimated source is used by simply multiplying 

the numerical values of VIo by the source K factor. 

I 
IO 

- 1 6 -  
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Fig. B-7. Intensity vs. Velocity curve, 6.25" Magnet, Thermal Dissociator. 
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The computer output l ists  vi , P,, and &in ( in  degrees), 7 ( R2mMax - '',in ) 9 

the i '  th  term in the above sum, and S. 

Fig. 13-4 shows the results for an r. f. discharge atomic hydrogen source, 

magnet length 3". The bulb aperture is at a distance of 15" from the magnet and 

its diameter is eqyal to the magnet bore. It can be seen that the curves for m = 1 

and for m = 0 are  very similar. 
8. 324 x 1 0 4 ,  while for m = 0,  it is - 853 x lo4. One should expect slightly is - 

better focussing for m = 1 because of its constant effective magnetic moment. The 
population distributions are: 

The total relative intensity for the m = 1 state 

1T 7l 

m = l  

Thus, a s  in the analytic result, approximately 60% of the atoms have velocities 

and 40s lie in the lltails. ' l  between vmin and Vmax 

Fig. E3-5 shows an intensity versus velocity distribution curve for a 
thermal dissociator atomic hydrogen source, where the atoms emerge with a 

velocity corresponding to 28C10°K. The magnet length has been increased to 8 

inches to focus the higher velocity distribution from the high temperature source. 

Because of the reduction in available solid angle in the longer magnet, the total 

relative intensity into the bulb is - 825 x considerably smaller than with 
the r. f. discharge source. This could be compensated for experimentally by in- 
creasing the total flux, a process which can be done easily for the thermal source. 

7r 

Figs. €3-6, -7, and -8 show the m = 0 bulb flux as  a function of velocity with 
the bulb 15 inches from the end of the magnet, and under the following conditions: 
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c. AUTOMATIC TUNING SYSTEM* 

B a c k g r o u n d  

The oscillation frequency of a hydrogen maser  is "pulled" by the maser  cavity 

resonator. 

linewidth in the following way:(' 

The degree of pulling depends on the cavity detuning and the atomic resonance 

- where v -  

l l V R  = 

Maser os c illation frequency 

Atomic resonance frequency 

Cavity center frequency 

Quality factor of cavity 

Mean velocity of the hydrogen atom 

Firs t  Bohr orbit radius 
Planck' s constant divided by 2 7r 

Bohr magneton 

Volume of cavity 

Volume of storage bulb 

Ratio of average electromagnetic field energy density in the bulb to 
average energy density taken over the cavity 

Atomic resonance linewidth 

It is apparent that if the cavity is tuned to 

I ' 1  = V H  r I 
i 0.29 V an2 hVc cO 
i 1 -  
L Q2 Po2 vb 

then the te rm in the brackets in equation ( 1) vanishes and 

H v =  v 

that is ,  the maser  oscillates at exactly the center of the atomic resonance line. 

The work described in this section was  performed in part under Contract NASW-1337 
and will be reported to NASA under that contract. 

)c 
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b r 

The cavity can be tuned to w c  by making use of the fact that the linewidth 

tot' 

V 

the total flux of atoms entering the bulb. It can be shown'that is proportional to I 

where A \ I ~ . ~ .  is the spin exchange contribution to the linewidth and Tb is the mean 

storagetime of the bulb. It can be seen from equation ( 1) that at the correct cavity tuning 

point, vco The criterion for correct 

cavity tuning is that no shift in maser oscillation frequency results from a change in the 

flux of atomic hydrogen. 

v is  independent of Itot , the total hydrogen flux. 

D e t a i l e d  S y s t e m  A n a l y s i s  

The automatic tuner exploits the physical phenomena described in the previous 

The system is capable of retuning an initially detuned maser and of holding section. 

this tuned condition indefinitely. 

Operation of the Automatic Tuner 

The automatic tuner operates on the beat between the controlled maser and a 
The reference maser is offset in frequency, either by increasing reference maser. 

the C field o r  by offsetting the synthesizer in the phase lock loop of one of the masers  
as  will be described in a later section. This offset, in the order of 1 in lo-", elim- 
inates the necessity for determining if the controlled maser is higher or lower in 

frequency than the reference and also avoids the possibility of excessively long beats. 

The low frequency beat is fed into the input of the period gate generator as 

shown in the block diagram, Fig. C-1. 

signal which begins at the first positive-going zero crossing of the beat input after 

an enabling pulse from the master timer and which ends after 1 ,  10, 100 or  1000 

periods of the input as selected by a switch. This gating pulse closes the master 

gate, also located in the period gate generator, allowing the reversible counter to 
accumulate a 10 Hz pulse stream supplied from the master timer. 

The period gate generator produces a gating 

The digital -to-analog converter produces on command an analog voltage pro- 
portional to the digital reading in the register of the reversible counter. 

voltage is amplified and processed in the varactor voltage controller and then supplied 

to the varactor tuner in the maser cavity. The register of the reversible counter is not reset ,  
the cycle repeats and the tuning continues until there is no further change in the counter register. 

This analog 

i 
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The pressure control provides for the presetting of two hydrogen pressure 

levels in the maser  and for switching between these two pressures under control of 
the master timer. 

The time sequence of the tuning cycle is as follows: 

a) An initial command from the master timer at time t = 0 sets the pressure 
of the controlled maser to a low level and also sets the reversible counter to read "up. '' 

b) A t  t = 240 seconds, allowing the controlled maser pressure time to 
stabilize, the master timer enables the period gate generator, starting the period 

measuring process. 

the period) of the beat, counting up on the 10 kHz pulse stream from the master gate. 

The reversible counter measures the period (or  a multiple of 

c) A t  t = 700 seconds, a command from the master timer sets the pressure of 
the controlled maser to a relatively high flux level and sets the counter to count down. 

d) A t  t = 942 seconds, the period gate generator is again "enabled" and the 
counter again digitally measures the beat period ( o r  a multiple thereof), this time 

counting downwards. The number remaining in the counter register is a measure 

of the change in frequency of the controlled maser resulting from the change in 

hydrogen flux. A s  can be seen from Fig. C-2 , if the reference maser is offset to a 
frequency higher than the controlled maser, the residue in the register will be positive 

if the controlled maser frequency goes down with increasing flux (and negative if the 

maser frequency goes ULI with increasing flux). An electrical signal indicating the 
sign of residue in the register is fed to the varactor voltage controller. 

e)  A t  t = 1410 seconds a command from the master timer transfers the binary- 
coded digital residue in the counter register to the register in the D-A converter. The 
converter produces an analog voltage proportional to the digital residue which is am- 
plified and processed in the varactor voltage controller. The magnitude and sign of the 

gain of the varactor voltage controller is adjusted for negative feedback; in the situation 
illustrated in Fig. C-2, the change in voltage should be such as  to raise the frequency 
of the maser  cavity frequency as  shown by the dotted lines. 

---. . 
Note that the magnitude of the analog voltage is proportional to the numerical 

from the counter register. - 
'\ 

value of the residue in the counter; the sign of the correction depends on the sign signal ' 
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f) At t = 1500 seconds, a master timer rese t  pulse sets  the timer back to 
zero and the cycle repeats from step ( a ) ;  the varactor voltage i s  automatically r e -  

adjusted on each cycle until there is no further change in the counter residue. It 
should be noted that this system is a true integrating digital servo; there is no 

possibility of a steady -state e r r o r  except for the granularity of the digital-to-analog 

conversion. 

Period Gate Generator 

Fig. C-3 is a circuit diagram of the period gate generator. The beat input 
is fed to Q1, an integrated circuit operational amplifier. The amplifier stage is 
d. c. coupled and carefully designed to minimize drift and high-frequency noise. 
Q 2  is also an integrated operational amplifier, arranged as a Schmitt trigger. 

The square-wave output from the Schmitt trigger stage is one input to the 

number 1 nand gate of the integrated dual two-input nand gate, Q3. 

normally held open by a logic signal from the output of the integrated J -K flip-flop, 

Q 8. 
closes gate 1 of Q3. In the one position of the period average switch, the square- 

wave output of Q 2  is transmitted directly to the integrated J -K flip-flop, Q 12. 
Since the J -K flip-flop changes state only on negative transitions, the output of Q 12 

is a pulse, the length of which is equal to one period of the input beat signal. This 

period pulse serves two functions: it opens gate 1 of the dual nand gate Q 13 to 

permit the pulse stream from the "pulse input" jack to appear a t  the "gated pulse 

out" jack; the trailing edge of the gating pulse retriggers the J-K flip-flop Q 8  

through gate 2 of Q3, thus opening gate 1 of Q 3  and terminating the period measur- 

ing process until another enable pulse is received. 

The gate is 

The negative-going transition of the enable pulse triggers Q 8, which in turn 

In the 10, 100 and 1000 positions of the period average switch, integrated 

decade counters Q 5, Q 6 and Q 7 are  successively switched into the circuit. Since 
each decade counter produces an output pulse only after ten input pulses, the length 
of the gating signal applied to gate 1 of Q 13 is equal in length to 1, 10, 100 or  1000 

periods of the beat input, as  selected by the period average switch. 
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Bidirectional Counter 

The output of the p r i o d  gate generator is a stream of pulses, at a 10 kHz 

rate, for an interval of 1, 10, 100 o r  1000 periods of the beat between the two 
masers.  The accumulated count on the bidirectional counter register is equal 

to the time duration of 1, 10, 100 or 1000 periods, respectively, measured in 
tenths of milliseconds. 

The bidirectional counter itself is a standard commercial unit, Hewlett - 
Packard type 5280 A. 

a d. c. logic level to channel B of the counter as shown in Fig. C-1; the command 

pulses from the master t imer are converted to d. c. logic levels by integrated 

circuit bistable flip-flops in the count and polarity control unit: the circuitry is 

quite straightforward and need not be detailed here. 

The directional information to the counter is in the form of 

Digital-to -Analog Converter 

The digital-to-analog converter is a standard General Radio type 1136A. 

Any three digits in the counter register can be transferred to the D-A register by 

the transfer command from the master timer. The digit transference is a f t j amf t  

transfer; the D-A register is not reset before the transfer command. 

The analog voltage output from the D-A converter is always proportional 

to the count in the register. A transfer command is generated only once per 

timing cycle, after a full up and down count, so that the output of the D-A changes 
only once per cycle. 

Varactor Voltage Controller 

The output of the D-A converter goes to the summing terminal of the in- 
The gain of this stage, tegrated circuit operational amplifier, Q 1, in Fig. C 4. 

and therefore the loop gain of the servo, is adjustable by means of the variable 

feedback resistor R1. 

The varactor diode is normally reverse-biased at the output of driver stage. 
Q 2  must therefore always be positive with respect to ground. The "manual" con- 

trol  permits setting the quiescent output level of Q 2  at any level between +1 and 
t14 volts. In order to obtain fully reversible feedback, it must be possible to in- 

crease o r  decrease the varactor voltage about the quiescent level set  by the 
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"manual'' control. The polarity control is accomplished by means of the FET 

analog gates Q 3  and Q4. When Q 3  and Q4 are  closed, the feedback voltage is 

applied to the inverting terminal of Q 3  and the correction voltage i s  added to the 

quiescent output of Q 2. If Q 3  and Q 4  are open, the feedback voltage is applied 

to the noninverting terminal and subtracts from the quiescent voltage. 

gates are ideally suited for this application as they have extremely low "on1' 

resistances--in the order of 25 ohms, low leakage currents, and zero offset 

voltage. Furthermore, the series-shunt gate is designed to minimize input 

current offset of Q2. 

The FET 

The polarity information is carried by the sign of the count in the bi- 

directional counter register. The sign output from the counter is used to s teer  

the analog gates at the input to Q 2  so as  to increase or decrease the varactor 

voltage. Since the counter register is also used for counting up and down, the 

sign output cannot be used directly to control the analog gates, but must be stored 

in a sign register, which is an integrated circuit J-K flip-flop physically located 

in the count and polarity control unit. After the bidirectional counter completes 

its up and down counting cycle, a polarity command from the master timer transfers 

the sign command from the sign register to the analog gates. 

Pressure Control 

The pressure control assembly is shown schematically in Fig. C-5. In the 

H-10 masers, the hydrogen pressure is set  by applying a d. c. voltage to the Pirani 

gauge servo system. 
two pressure levels by means of the ten-turn potentiometers labeled "Pressure 1" 
and "Pressure 2" and the remote selection of either pressure setting by means of 

the FET gates Q 8  and Q9. 

The pressure control assembly permits the presetting of 

The integrated circuit bistable flip-flop, Q3, is triggered by the pressure 
control commands from the master timer. In state 1, Q 3  turns off Q 4  which turns 

off Q 5. The gate of Q 9 r ises  to the source voltage and Q 9 is turned on, 
ing the wiper of the "Pressure 1" potentiometer to the maser. In the second 

channel Q 6 and Q 7 are turned on,which clamps the gate of Q 8 at -15 volts and 

turns off gate Q8. In  pressure state 2, the situation is reversed; Q 8  is on and 

gate Q 9 is off. 

connect- 
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Phase Lock Loop 

The phase lock loop, shown in block diagram form in Fig. C-6, provides for 

the generation of a standard, 5.0 MHz, signal locked to the controlled maser 

oscillation and provides for the offset beat between the controlled maser and the 

reference maser. 

A s  can be seen from Fig, C-6, the output of the 5.0 MHz oscillator is 
multiplied to 1400 mc by a varactor multiplier chain and mixed in a balanced 

mixer with the controlled maser output at 1420.405751 MHz to generate the first 
IF,  20.405751 MHz. The 20.405751 MHz signal is amplified and beat down to 
0.405751 MHz in a second mixer and amplified again. The 20.0 MHz mixing signal 

is derived from the 5.0 MHz oscillator by means of a separate x 4  multiplier. The 

0.405751 MHz IF is one input to the phase detector, the other input being the 
output of the synthesizer which, in turn, is locked to the 5.0 MHz oscillator. The out- 

put of the phase detector is fed back to a varactor tuner in the 5.0 crystal oscillator 

so as to lock the phase of the crystal oscillator to that of the maser. 

The output of the reference maser  is fed to the input of a second receiver, 

identical to that in the controlled maser loop. 

chains and the locking frequency for the reference synthesizer are derived from the 

phase-locked crystal oscillator in the controlled maser loop. 

reference phase detector is fed to the input of the period gate generator. 

The 5.0 MHz drive for the multiplier 

The output of the 

The beat offset is obtained by offsetting the frequency settings of two syn- 

thesizers. It can be readily seen that if the two masers  are oscillating at exactly 

the same frequency, a difference of vs in the frequencies of the two synthesizers 

results in a phase detector output at a frequency us. If the two maser frequencies 
differ by an amount vD, where VD = v 

will equal the algebraic sum of vS and 'VD; 

- vmz' then the output of the phase detector 
"1 

If Vs is greater than wD, 
can arise in the operation of the automatic tuner. 

vkat does not change sign and no possible ambiguity 
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D. THE OPTIMAL BULB SHAPE 

The oscillation conditions for the atomic hydrogen masers  have been 

discussed in  rather general t e rms  by several papers i n  the literature. 3 7 ~ 8  

An important parameter is the quantity q which has the following value: 

where 
D 

Yt 

PO 

Itot 
I 

Q 

vC 

vb 

is the spin exchange cross-section 
is the average relative velocity, 

is Planck's constant divided by 2n, 

is relaxation rate  of the atoms in  the bulb, 

yb + yw 
yb+ e yw 

where yb is the geometrical escape rate of atoms 
from the bulb, 

y is the wall  relaxation rate, 
is the ratio of wall  relaxation events due 
to recombination of atoms to the total wall 
relaxation; E has been measured and is 
found to be equal to 1, 

W 

is the Bohr magneton, 

is total flux of atoms entering the bulb, 

is the flux in the desired state for oscillation, 

is the loaded quality factor of the cavity, 

is the cavity volume , 
is the bulb volume, 

The quantity, q ,  defined as above can be expressed in te rms  of quanti- 

ties involving the geometry of the bulb region where the atoms interact with 
the r,f. magnetic field. The quantity S = 7 Q = V'Q contains this 
information and can be described as a filling factor, 7' times Q. 

vb 
C 

In this 
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expression, Q is the total Q of the cavity resonator and is defined in the 

usual way a s  
2~ Stored Ener 

= Energy lost per cycle by v z o u s  means 

1 -  1 1 1 

q + - + -  and Q - 
QW Qext 

Qd includes only dielectric losses,  

Qw includes only wall  losses, 

Qext includes only power lost 
to  outside circuitry. 

The quantity q can be expressed in  terms of a factor that involves 

fundamental constants and another factor involving geometry, and under the 
usual conditions for  the hydrogen maser where the state selector focusses 

both the F = 1, mF = 0 and +1 states, the value of q can be written 

9.95 x lo2 
q =  S 

For  maser  oscillation q s 0.172. For oscillation under the above condi- 

tions, S 2 5.78 x lo3. 

To obtain a value of S as  large as possible the geometry of both the 

bulb and cavity must be considered with particular attention to  the wall ,  
dielectric and coupling losses. 

In the present study the geometry of the cavity has been fixed to that of 

a right circular TEOll mode cavity. This cavity has a theoretical, unloaded 

Q of 87,000 and values of about 60,000 have been obtained in practice. The 
problem of determining the best shape of the bulb within this cavity and the 
value of due to this shape has been solved. 
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q' i s  defined as: 

2 1 [T sb  HZ dV]  

H2 dV 

'b - 
vC 

< H Z >  

< H2> 

bulb 

cavity 

vb - 
vC 

where HZ and H are the z component and total magnetic field of the oscillation 

in the maser cavity, b refers to the maser storage bulb, and c to the maser 

c avity . 
Differentiation with respect to infinitesimal changes of bulb volume 

yields : 
f - - 

1 H dV I 1 1 2  i - - r r u r  
J 2 H ~ )  z ] b surf 

'b 
\ i 

is the value of H, at the point on the surface of the bulb where where Hz)b sur f  
the infinitesimal volume change took place. 

Thus 

<H,> - <H,>2 ] 
b surf bulb bulb 

cavity 

d 7' - =  
Vc <H2> 'b 

o r  
- <H,> 

b surf bulb 

I < H  > 
bulb 

This expression gives a criterion for determining how deformations of the bulb 

surface volume affect the filling factor. In particular, when 2H,)b surf = <HZ>bulb9 
the filling factor is at its maximum value. This says that the optimal surface 
for the bulb i s  one for which HZ is a constant and that the maximum value of the filling 

factor occurs 
its value on the surface. The value for  H, which satisfies this criterion has 

when the value of the average value of H, within the bulb is twice 
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been obtained by numerical methods in the case of a cylindrical cavity opera- 
ting in the TEoll mode. It has been assumed that the bulb introduces no 

distortion of the field lines in the cavity, an obvious idealization. 

In this case,  we take the form of H, to be normalized to:9 

HZ (r, z) = J, (k1 r) cos (k3 z) = kl J,(u) cos (v), k 

where we change to  variables u = klr,  v = h z ,  du = k,dr, dv = \dv. 

The volume element 4nrdrdz  becomes A u d u d v .  W e  wish to find that 

value of H, = const. = c 1 such that <H 
integrations, COS v goes between 0 and c/J,(u), 

= 2 c 0 7  k1 . In performing the 
k h'b 

Z3ulh o k  
u goes between 0 and J,(u) = c . 

J,(u) = c 

0 
1 J,(u) udu sin v - -*+ i 

0 

J,(u) = c 

and 

J,(u) = c 
r' 
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Hence Job) = c 
i 

,, Jab) = c n 0 '  . 
C i' udu cos-' - 

J J, (4 
J dV 
b 

0 

To optimize q', < H  = 2c0+. Hence, we must find that value of c bulb 
such that - Jo(U)=C 

i 

i J J t ( u )  - c 2  udu 
0 2c ,  = , J,(u) = c 

C udu COS-' - I J,(U) 
0 

When c, satisfies this equation, then the corresponding value of 7' is: 
J,(u) = c, 

~ Job) = c, 
2 

16 1 C I C j udu COS-'- = - -  
n < H z >  I -ir2 R2 J, (4 

.XOl2 + - 
L2 O 

Approximating the surface H, = const. by an ellipsoid, we obtained an approximate 

value for c, = .25. We therefore evaluated the integrals 

-J,(u)=c i Jo(') = 
C ; / udu COS-' - Job) J J;(u) -c2 udu and 

d 0' 0 

numerically for values of c = .26, .25, .24. The integration method was  
Weddle's Rule and Simpson's Rule. Our results are as follows. 
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Jo(u)=c 

udu 2c udu - 
C cos-l- Jo(u) udu C 

0 0 

.24 2.0156 1.00445 .96749 

.25 1.9551 ,99282 .97755 

.26 1.8985 .97855 .98722 

q, = .2565 1.9179 ,9839 .9839 
I 

The value of co w a s  obtained from the first three rows by a second-order 

I interpolation formula. ( xol = 3.8317, <H2>= .08111.) The optimal value of 

7'  

,4582 

.4615 

.4617 

.4620 (R = L/2) 

Tl' was obtained for  a cylindrical cavity whose diameter = its length (R= L/2). 

The value for  7' for  other values of R/L may be obtained by substitution in the 

te rm i xol + - IT'" in the expression for llbpt. The optimal bulb shape together 

with the best cylindrical and spherical bulb are shown in Figure D-1. 
L2 - 

xo1 xol 

udu J J t (u ) - cz  udu Ir cosq - C 

J J&) 
uO uO 

C 

-. 12 4.3037 1.10335 -. 13 4.12952 1.08 152 

c0= -. 1313 4.10675 1.07855 

We also have determined the shape of the optimal outside bulb. The same 
criterion, to maximize q',  

7' 
C 

xol 

uO 

2 c s  cosq- U Jo(u) udu 0 

1.0329 2.65 .2589 
1.0737 2.672 .2593 

1.07855 .2593 

- = 2 c 0  
HZ 'bulb - HZ)b surf 

holds, and the integrals used in the preceding considerations appear in the same 

form. The limits of integration a re  altered, so that, e.g. , 
f XOl 
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MASER STORAGE BULBS 

Fig. D-1. Optimal Bulb Shapes. 



The optimal fffootballrf and outside trdoughnutr' bulbs are shown in Figure D-2. 
If both these bulbs were pumped with hydrogen atoms, the total 7' for both 

would be .7213. However, the wall collision rate in the outside bulb is higher 

than in  the convex-shaped bulbs. The comparative figures are: 

Optimal sphere: 1 = .8R 

Optimal cylinder: x = .726R 
Optimal outside bulb: 1 = .473 R , 
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III. THE RELATIONSHIP OF THESE STUDIES TO THE MASER PROGRAM AT 

THE GODDARD SPACE FLIGHT CENTER 

The development of the hydrogen maser as a practical laboratory-based 

instrument has taken place in a relatively short period of time since the original 

discovery of the storage bulb principle. This occurred in 1960, and shortly afterward 

considerable effort was undertaken aimed at understanding the quantum mechanical 

effects. Later experiments consisted in making stability checks and improving 
the stability by the obvious means of controlling various parameters such as  magnetic 

field temperature, cavity tuning, etc. The results obtained from these early time- 

keeping experiments were very encouraging and, when further studies on maser 

theory and techniques were done, considerable improvement was made essentially 

in the areas  where the physics of the instrument was involved. 

Relatively little change in the configuration of the maser had occurred until 

the time when the present study was begun. An r.f. discharge dissociator, a relz- 

tively standard hexapole and a relatively standard bulb constituted the "standard" 

maser. The need for a more reliable dissociator became obvious due to the in- 

stabilities and inconveniences of the r.f.  discharge. 
tuning procedure requiring a skilled operator was also a deterrent to the use of 

the maser  as a piece of field equipment. Renewed interest in the gravitational red 
shift experiment involving a satellite maser made further requirements on the design 
of the maser;  questions of size, weight and power were being raised. 

The lengthy and tedious 

The present study contract was directed to investigating and evaluating 
techniques leading to improved hydrogen masers with attention to the elimination 

of the r. f .  interference from the discharge dissociator and to the goal of simplify- 

ing the lengthy cavity tuning process. Improvements were designed to be tested on 

two government-furnished masers,  and the c r i te r ia  of the design of the hardware 

improvements were to emphasize the application of the maser to field and space use. 

This work was to be done keeping in mind possible retrofitting of the NASA/GSFC 
masers  using similar design improvements. 

The work in the improvement of the dissociator was originally motivated by 

r. f. inteference problems; however, as  the study has progressed, it appears that the 
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thermal dissociator is capable of more complete dissociation, probably close 

to 956. The r.f. dissociator is  likely to be less than half a s  efficient, chiefly 

due to recombination in the beam collimator. Since the collimator of the thermal 

dissociator is hot, this effect is not a problem. The evolution of the dissociator 

from the directly heated version requiring very high power to the electron bom- 

bardment heated version requiring f a r  less  power has been discussed, and the 
description of a design arising from work continued in a further contract, 
NASW-1337, is given. 

light in the course of the above program may be of use in retrofitting the 

NASA/GSFC masers. 

This information and further information as it comes to 

A study of the beam trajectories in the focussing magnet was undertaken 

for two reasons. 

dissociator made necessary a recalculation of the magnet configuration. 
could have been done, as previously for the r. f. dissociator, in a relatively 

rough manner. However, other factors became important, such as the possibility 
of eliminating bulb pollution and other undeflected particles in the beam by using 

a stopping disc at the exit aperture of the magnet. 

be a serious problem. 

and give beam intensities for various geometrical conditions. The results have 

shown that, while the rough approximation previously used is not bad, it is possible 

to design an optimum configuration where it should be possible to predict the flux 

entering the bulb within a few per cent. 

respect to beam flux is important for several reasons: 

First ,  the greater thermal velocities from the thermal 

This 

For a short apparatus, this can 

A computer program was developed to calculate trajectories 

The optimizing of maser performance with 

1) Pump lifetime is proportional to total hydrogen flux into the maser. 
Hydrogen should be dissociated a s  efficiently as possible, 
state selected and focussed as effectively as possible into the bulb. 

2) By proper design of the r. f. interaction region, the oscillation of 
the maser can be achieved with a minimum flux into the bulb. 

3 )  The condition for having the lowest flux threshold also allows the 
best tuneability . 

This last condition can be described best in terms of the parameter q dis- 

cussed in the section on the optimum bulb shape. The ratio, r , of the maximum 
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linewidth to the minimal linewidth of the atomic resonance is given in terms 

of q 

The smaller the value of q the better, so that by raising the pressure of the 
atoms in the storage bulb the linewidth of the atomic transition is  broadened 

due to spin exchange collisions among the atoms. The process must not, how- 

ever, prevent the maser from oscillating. Cavity-bulb geometries providing a 

small value of q hence are favorable in many ways to the successful operation 

of the atomic hydrogen maser. 

An important part of the program has been the study of automatic tuning 

techniques. Prior to the beginning of the program, several techniques had been 

considered to set  the cavity to the correct maser frequency. It was decided that 

techniques using external power to probe the resonant cavity and se t  it to resonance 

had disadvantages. One of these is the required phase and amplitude stability of 
the microwave bridge measuring the impedance of the cavity as observed from the 

reflected amplitude and phase of the probing signal. Further, the probing signals 
can severely perturb the maser oscillation unless the signals a re  of very small 
level and a r e  applied symmetrically about the center value of frequency where the 

maser is expected to oscillate. The line broadening method had been selected be- 
cause i t  does not depend on any &priori  knowledge of the cavity frequency and 
leads automatically to a condition where the maser is tuned in such a way a s  to 

remove certain types of systematic shifts of frequency that a r e  proportional to the 
linewidth." The most important of these is the effect of frequency shifts due to 

atom collisions in the bulb as  calculated by Bender." 

The use of linewidth modulation by spin exchange offers a particular ad- 

vantage in that the ratio of the maximum to minimum linewidths can be made 

greater than by using other techniques for line broadening such as  magnetic 

gradient quenching or  a foreign gas as a quenching medium. 

Having thus decided on the technique, reference oscillators other than 

hydrogen masers  were considered for observing the necessarily small frequency 
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shifts that result from this technique. Some information about crystal oscillators 

had been obtained as a result of previous involvement in measurements and techniques 

for measuring short term stability. The use of a very stable crystal oscillator 

and long integration "lock-in'' techniques for seeking out a small  shift coherent with 
an applied quenching had been considered. In spite of the obvious cost advantages in 

having but one maser in such a system, the requirements of long integration times 

and the uncertainties in the performance of crystal oscillators made this method a 
doubtful one, expecially if one considered the probable aims of any programs involv- 

ing hydrogen masers. 
ducibility and stability for measurements that cannot be made by any other standard. 

The use of two independently operating masers  in such a measuring system seems 

obvious, since it is usually necessary to obtain assurance of the stability of the 

system. 
operates each as an  independent unit. 

randomly chosen frequency offset; the only requirement is that i b  should operate with 

frequency stability comparable to that of the maser being tuned. The successful auto- 
mation of this method thus provides not only a stable oscillator continuously verified to be 

operating close to its ideal frequency, but also a measure of the performance of the 

oscillator. 

between the masers and employing the appropriate statistical methods. 

These aims are  to provide the ultimate in frequency repro- 

The tuning method using the line broadening technique employing two masers  
The reference maser  can be operated with a 

/ 

The performance can be evaluated by monitoring the difference frequency 
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IV. NEW TECHNOLOGY 

The following are  areas  where advances have been made in  technology: 

Thermal dissociator for atomic hydrogen maser; 

i. 

ii. Electron bombardment heating 

The establishment of optimum configurations of bulb structures 

for cylincrical TEoll mode resonators; 

i. Optimal shape of bulb 
ii. Optimal sphere 

An automatic tuning technique for stabilizing the output frequency 

of the maser to the resonance frequency of the hydrogen atom con- 

fined in the maser bulb. 

Direct heating by electric current 

Patent disclosures have been written for these new techniques. 
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